The C-terminal binding proteins (CtBPs) function as transcriptional corepressors but also play roles in Golgi maintenance and in synaptic ribbon formation (6, 8, 49, 55, 58) . They mediate transcriptional repression by associating with DNAbound transcription factors and recruiting a complex of chromatin-modifying enzymes (46) (47) (48) 64) . CtBPs have been shown to regulate gene expression in organisms from Drosophila to mammals. In Drosophila, CtBPs associate with developmental transcription factors such as Krüppel, Hairy, and Knirps (34) (35) (36) . In mammals, CtBPs associate with a number (about 30) of different sequence-specific transcription factors (9, 25, 31, 57, 61) . Knockout studies with mice, in combination with microarray analyses, have implicated the mammalian CtBPs in the repression of genes involved in apoptosis and in the epithelialto-mesenchymal transition (13, 15, 16) .
Structural analyses have revealed that CtBP is composed of three domains, the substrate-binding domain that primarily comprises the PXDLS binding cleft, the central nucleotidebinding domain that is responsible for NAD(H) binding and dimerization, and an intrinsically unstructured C-terminal region (32, 33) . Details of the PXDLS cleft (hereafter referred to as the PIDLS cleft, as X is often Ile) have come from studies of one member of the CtBP family, rat CtBP3/BARS (recently renamed short-CtBP1 or CtBP1-S) (5, 32) . Mutagenesis has confirmed that two residues in the CtBP cleft, A41 and V55, are critical to PIDLS recognition (32) .
Although PIDLS motifs in transcription factors have been implicated in CtBP binding, the mechanisms through which CtBP then recruits chromatin-modifying enzymes are not well characterized (3, 47, 65) . It has been established that CtBPs can self-associate and that this ability is critical to activity (27, 47) . The crystal structures revealed the presence of dimers, but higher-order complexes, including tetramers (dimers of dimers) have been observed in gel filtration experiments and small-angle X-ray scattering in solution (2, 27, 32, 33, 47) . The PIDLS binding cleft exists in each monomer subunit, so the self-association of CtBPs immediately suggests that CtBP dimers might bridge two distinct PIDLS motif-containing partners (32) . Indeed, several papers on CtBPs, including our own, represent CtBP as a bridging molecule that links two PIDLS motif-containing proteins involved in gene repression (6, 24, 30, 56, 58) . The crystal structure shows that CtBP forms an elongated dimer with a PIDLS binding cleft at each end, further suggesting that CtBP is well suited to functioning as a linking molecule (32) . The observation that certain histone deacetylase proteins, HDAC4 and HDAC7, contain PIDLS motifs provided the first specific mechanistic explanation of how the dimerization and bridging activities of CtBP might effectively recruit histone deacetylases to DNA-bound transcription factors and silence promoter activity (64) (Fig. 1A) .
The following question arises: how does a CtBP dimer associated with a PIDLS motif-containing DNA-bound transcription factor direct its second PIDLS cleft to an effector (such as HDAC4) rather than to another of the 30 or so known PIDLS-containing DNA-binding proteins (Fig. 1B) ? Furthermore, some transcription factors contain two or more PIDLS motifs (18, 37, 40) , so it is possible that both clefts of a CtBP dimer would be filled, leaving no clefts available for recruiting effectors. In this case, the critical effectors would be likely to be non-PIDLS-containing molecules (Fig. 1B) .
Importantly, a number of CtBP partner proteins do not have canonical PIDLS motifs. Some of these probably have related motifs that can presumably bind the PIDLS cleft (10, 40, 42, 52, 61, 62) , but others may bind different surfaces of CtBP. Distinguishing between the two types of partners may help differentiate between partners involved in recruiting CtBP to promoters and those involved in mediating or regulating CtBP activity. Interestingly, the effector proteins in the CtBP repression complex, HDAC1, HDAC2, histone methyltransferase G9, and histone demethylase LSD1, have not been shown to contain PIDLS motifs. Thus, it seems that these proteins either bind a separate surface of CtBP or associate with it indirectly, via additional bridging molecules (47, 53, 60) .
In this study, we have investigated the importance of the PIDLS cleft for CtBP's physical interaction with partner proteins and also for CtBP's repression activity. We used a number of different CtBP cleft mutants. We disrupted the cleft by mutation, and we also produced a CtBP fusion protein that contains a C-terminal PIDLS peptide that appears to fill CtBP's own cleft, termed the cleft-filled mutant protein.
With these mutant proteins, we confirmed that several recognized PIDLS-dependent partners rely on the cleft for binding to CtBP. We also confirmed that some proteins without recognizable PIDLS motifs do not require an intact CtBP cleft for binding and therefore presumably contact other faces of CtBP. Finally, we observed that certain protein domains that interact with CtBP but do not have recognizable PIDLS motifs do, nevertheless, rely on the PIDLS cleft and therefore propose that PIDLS-type motifs that cannot be recognized by visual sequence inspection may exist.
In terms of functional gene repression, our assays with Gal4 DNA-binding domain (Gal4DBD)-CtBP or zinc finger-CtBP fusions revealed that significant repression activity remains even when the PIDLS cleft is mutated. In contrast, the cleft is required for repression when CtBP is not fused to a heterologous DNA-binding domain. These results suggest that the cleft plays an essential role in recruiting CtBP to PIDLS-containing transcription factors. ) and cloned into the NotI/SalI sites of pGBT9-mCtBP2. The resulting yeast two-hybrid constructs expressed the BKLF segments fused to the C terminus of CtBP2. The pGBT9-mCtBP2-BKLF 30-75 construct is referred to as cleft filled. The control ⌬DL fusion, which contains a DL-to-AS mutation in the PVDLT motif in the BKLF 30-75 portion of the fusion, was generated from the pGBT9-mCtBP2-BKLF 30-75 construct by overlap PCR mutagenesis (BKLFdeltaDL.F, CAGGTGGAGCCGGTGGCCAGCA GGTGAACAAGCGG; BKLFdeltaDL.R, CCGCTTGTTCACCGTGCTGGCC ACCGGTCCACCTG). The mCtBP2, mCtBP2-BKLF 30-75, and mCtBP2-BKLF 30-75 ⌬DL inserts were subcloned into the XmaI/SalI sites of the pGAD10(new) (derived from pGAD10 from Clontech) vector to allow them to be expressed in the yeast two-hybrid system as both Gal4 activation domain (Gal4AD) and Gal4DBD fusions.
MATERIALS AND METHODS

Plasmid
A58E and V72R mutations were introduced into murine CtBP2 by overlap PCR mutagenesis (mCtBP2.A58E.F, GACCTGGCCACTGTGGAATTCTGTG ATGCACAG; mCtBP2.A58E.R, CTGTGCATCACAGAATTCCACAGTGGC CAGGTC; mCtBP2.V72R.F, GAAATCCATGAGAAGCGGTTGAATGAAG CTGTG; mCtBP2.V72R.R, CACAGCTTCATTCAACCGCTTCTCATGGAT TTC). BglII/SalI-digested mutant inserts were ligated into the BamHI/SalI sites of the pGBT9 and pGAD10(new) vectors to generate pGBT9-mCtBP2-A58E, pGBT9-mCtBP2-V72R, pGAD10(new)-mCtBP2-A58E, and pGAD10(new)-mCtBP2-V72R.
Amino acids 1 to 362, 32 to 445, 32 to 362, 10 to 445, 20 to 445, 26 to 445, 1 to 55, 50 to 362, and 70 to 362 of murine CtBP2 were amplified by PCR with appropriate oligonucleotides, and BglII/SalI-digested products were ligated into the BamHI/SalI pGBT9 and pGAD10(new) vectors to generate pGBT9-mCtBP2 32-362, pGBT9-mCtBP2 50-362, pGBT9-mCtBP2 70-362, pGAD10(new)-mCtBP2 1-362, pGAD10(new)-mCtBP2 32-445, pGAD10(new)-mCtBP2 32-362, pGAD10(new)-mCtBP2 10-445, pGAD10(new)-mCtBP2 20-445, pGAD10(new)-mCtBP2 26-445, and pGAD10(new)-mCtBP2 1-55. pcDNA3-rCtBP1-S, encoding full-length rCtBP1-S, was kindly provided by Daniela Corda (Department of Cell Biology and Oncology, Consorzio Mario Negri Sud, Santa Maria Imbaro, Chieti, Italy) and has been described previously (50) . From this template and with appropriate oligonucleotides, rCtBP1-S 1-430 (full length) and 15-345 were amplified by PCR and ligated into the EcoRI/SalI sites of the pGBT9 and pGAD10(new) vectors to generate pGBT9-rCtBP1-S 1-430, pGBT9-rCtBP1-S 15-345, pGAD10(new)-rCtBP1-S 1-430, and pGAD10(new)-rCtBP1-S 15-345. pCMV5 FLAG-hCtBP1-L, encoding full-length hCtBP1-L, was kindly provided by David Wotton (University of Virginia, Charlottesville) and has been described previously (20) . From this template and with appropriate primers, hCtBP1-L 1-440 (full length) and 26-440 were amplified by PCR and ligated into the EcoRI/SalI sites of the pGBT9 vector to generate pGBT9-hCtBP1-L 1-440 and pGBT9-hCtBP1-L 26-440.
The yeast two-hybrid assay vectors pGAD10-BKLF 1-268 and pGBT9-BKLF 1-268, encoding murine BKLF, have been described previously (57) . pcDNA3-FHL3 was kindly provided by Ju Chen (University of California at San Diego, La Jolla) and has been previously described (7) . Full-length murine Four-and-a-Half LIM Domain Protein 3 (FHL3) was amplified from this vector by PCR (mFHL3.Bam.F, CGGGATCCATGAGCGAGGCATTTGAC; mFHL3.Eco.R, CGGAATTCTCAGGGGCCTGCTTGGC), and the product was cloned into the BamHI/EcoRI sites of the pGBT9(new) vector, allowing expression of Gal4DBD-FHL3 in yeast two-hybrid assays. The yeast two-hybrid assay vector for murine Ubc9, pGAD10-Ubc9, has been described previously (39 (38) .
The Gal4DBD (147 amino acids) was amplified by PCR with appropriate primers and ligated into the PstI/NotI sites of the pMT3 (derived from pMT2) vector to generate pMT3-Gal4 without a stop codon. A separate pMT3-Gal4 plasmid with a stop codon was generated to act as a control in mammalian repression assays. Secondly, wild-type mCtBP2 and mCtBP2-A58E and mCtBP2-V72R mutant inserts were reamplified by PCR with appropriate primers and cloned into the NotI/SalI sites of pMT3-Gal4 without a stop codon 3Ј of the Gal4 gene to generate pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2 A58E, and pMT3-Gal4-mCtBP2 V72R.
The DNA-binding Krüppel-like zinc fingers of BKLF (amino acids 254 to 344, BKLFf) were amplified by PCR with appropriate primers. The product was cloned into the XhoI/XbaI sites of the pcDNA3 vector (Invitrogen) to generate pcDNA3-BKLFf. Secondly, mCtBP2 wild-type and A58E and V72R mutant inserts were amplified by PCR with appropriate primers to remove the natural stop codon at the end of the CtBP coding sequence. These products were digested with BglII/SalI and ligated into the BamHI/XhoI sites of pcDNA3-BKLFf to generate pcDNA3-BKLFf-mCtBP2, pcDNA3-BKLFf-mCtBP2 A58E, and pcDNA3-BKLFf-mCtBP2 V72R.
Wild-type mCtBP2 and mCtBP2-A58E mutant inserts were reamplified by PCR with appropriate primers and cloned into the NotI/SalI sites of pMT3 to generate pMT3-mCtBP2 and pMT3-mCtBP2 A58E, respectively.
The firefly luciferase reporter vector pGL2-(Gal4) 5 -(LexA) 2 -E1B-Luc and LexA-VP16 mammalian expression plasmid pCMV-LexA (1-202)-VP16 (410-490) were generous gifts from Luke Gaudreau and Mark Ptashne (The SloanKettering Institute, New York, NY). A second firefly luciferase reporter vector containing five Gal4 binding sites and the thymidine kinase (TK) promoter, pGL2-(Gal4) 5 -TK-Luc, has been described previously (38) . The pØA␥GH vector contains the human A␥ promoter upstream of the human growth hormone (GH) reporter gene in the pØ-GH vector (Nichols Institute Diagnostics). The A␥ promoter has been shown to be activated by the GATA-1 mammalian expression vector pXM.GF1 and contains binding sites for BKLFf (59) . The pGL3 human E-cadherin (Ϫ427/ϩ53)-luciferase reporter vector was a gift from Stephen Sugrue (Department of Anatomy and Cell Biology, Harvard Medical School) and has been previously described (1) .
Yeast two-hybrid assays. The Clontech two-hybrid system was used according to the manufacturer's instructions. Test proteins were expressed in yeast strain HF7c as either Gal4DBD or Gal4AD fusions. Transformant colonies were selected on Leu/Trp-deficient plates and patched onto His/Leu/Trp-deficient plates. Growth was scored following 72 h of incubation.
Mammalian cell culture. NIH 3T3 cells were cultured and transfected by the calcium phosphate method as described previously (57) . COS-1 cells were cultured as described previously (39) and transfected with the transfection reagent FuGEN6 (Roche Diagnostics) by following the manufacturer's instructions.
CtBP1
ϩ/Ϫ CtBP2 ϩ/Ϫ and CtBP1 Ϫ/Ϫ CtBP2 Ϫ/Ϫ cells were cultured as previously described (16) and transfected with the Lipofectamine transfection reagent (Invitrogen) by following the manufacturer's instructions.
Mammalian repression assays. To examine CtBP repression of reporter gene expression, six-well plates of COS-1 cells were transfected. To examine repression of basal expression, the following plasmids were used: 3 g of the pGL2-(Gal4) 5 -TK-Luc reporter and 50 ng of either pMT3-Gal4 with stop, pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2-A58E, or pMT3-Gal4-mCtBP2-V72R. To examine repression of activated expression, the following plasmids were used: 3 g of the pGL2-(Gal4) 5 -(LexA) 2 -E1B-Luc reporter, 1 g of the pCMV-LexA (1-202)-VP16 (410-490) expression vector, and 25 ng of either pMT3-Gal4 with stop, pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2-A58E, or pMT3-Gal4-mCtBP2-V72R. In both experiments, 10 ng of the Renilla luciferase vector pRL-Luc (Promega) was cotransfected to allow the firefly luciferase measurements to be corrected to control for transfection efficiency. Luciferase activity was measured 48 h posttransfection in a Turner Designs model TD 20/20 luminometer with the dual-luciferase reporter assay system (Promega). Results shown are averaged firefly/Renilla luciferase ratios from four replicates of a representative experiment with 1-standard-deviation error bars.
To further examine CtBP repression, six-well plates of CtBP1
and CtBP1 Ϫ/Ϫ CtBP2 Ϫ/Ϫ cells were transfected with 4 g of the pGL2-(Gal4) 5 -(LexA) 2 -E1B-Luc reporter plasmid, 2 g of the pCMV-LexA (1-202)-VP16 (410-490) expression plasmid, and 2 g of either pMT3-Gal4 with stop, pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2 A58E, or pMT3-Gal4-mCtBP2 V72R. Twenty nanograms of the Renilla luciferase vector pRL-Luc was cotransfected to allow the firefly luciferase measurements to be corrected to control for transfection efficiency. To examine CtBP2 repression of the E-cadherin promoter, sixwell plates of CtBP Ϫ/Ϫ cells were transfected with 2 g of pGL3-E-cadherin-Luc, 1 g of the pMT3-CtBP2 or pMT3-CtBP2 A58E vector, and 10 ng of pRL-Luc. Various amounts of pMT3 plasmid DNA were used in each transfection to make the total amount of DNA transfected the same. Luciferase assays were performed as described above 48 h following transfection. Results shown are averaged firefly/Renilla luciferase ratios from two replicates of a representative experiment with range-of-values error bars.
NIH 3T3 cells in six-well plates were transfected with 200 ng of the pØA␥GH reporter plasmid, 2 g of the pXM-GF1 GATA-1 expression plasmid, and either 250 ng of pcDNA3-BKLFf or 50 ng or 250 ng of pcDNA3-BKLFf-mCtBP2, pcDNA3-BKLFf-mCtBP2 A58E, or pcDNA3-BKLFf-mCtBP2 V72R. The pcDNA3 empty vector was added to make the amount of DNA in each transfection the same. One hundred microliters of medium was removed 48 h after transfection, and human GH expression was assayed in each sample with a radioisotopic assay kit according to the manufacturer's (Nichols Institute Diagnostics) instructions. Gamma radiation was measured with a Wallace gamma counter. The average value for the GATA-1-activated expression samples was set to 100, and all other values were expressed as fractions of this activated level. The results shown are for four replicates from a representative experiment with 1-standard-deviation error bars.
Western blot assays. Western blot assays were performed to assess the relative expression levels of the different CtBP2 mammalian expression constructs, as has been described previously for other proteins (39) . Briefly, 1 g of the empty pMT3, pMT3-Gal4 with stop, pMT3-Gal4-mCtBP2, pMT3-Gal4-mCtBP2 A58E, or pMT3-Gal4-mCtBP2 V72R expression construct was transfected into a 10-cm petri dish of COS-1 cells and nuclear extracts were prepared 48 h following transfection. The expression levels of proteins subjected to Western blot assays were detected with mouse CtBP2 monoclonal antibody (BD Transduction Laboratories).
GST pull-down assay. Bacterially produced glutathione S-transferase (GST), GST-CtBP2, and GST-CtBP2 A58E fusion proteins were recovered on glutathione-Sepharose 4B beads (Amersham) and incubated for 3 h at 4°C with the lysates prepared from COS-1 cells transfected with 3 g of pcDNA3-HA-Ubc9, pMT3-HA-FHL3, and pMT3-Flag-BKLF (1-268) by using NP-40 cell lysis buffer (50 mM Tri-HCl, pH 8.0, 150 mM NaCl, 1% NP-40). These three vectors have been previously described (39, 59) . The beads were then washed three or four times with cell lysis buffer containing 0.5 M KCl and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by detection by immunoblotting with an anti-hemagglutinin (HA) (12CA5; Roche Corporation) or an anti-Flag (M2; Sigma) antibody.
in CtBP2 and similarly mutated them to E and R, respectively. The second strategy was to generate a fusion protein comprising CtBP2 and an extension containing a PIDLS motif. We chose to use regions encompassing the naturally occurring PIDLS motif in the N terminus of BKLF (specifically, PVDLT, residues 61 to 65 of murine BKLF) (57). We initially tested three different lengths of the N-terminal region and fused each to the C terminus of CtBP2. The crystal structure indicates that the C terminus should be in proximity to the N-terminal domain hosting the PIDLS binding cleft (32) . As a control, we made similar fusions but incorporated a mutation directly into the PIDLS motif. We used a well-characterized mutation termed ⌬DL, where the PIDLS motif is altered to PIASS (42, 43) . This control mutant was designed to reveal whether the fusion extension was binding directly and occupying the cleft or sterically impeding access to the cleft in a nonspecific fashion.
The yeast two-hybrid assay system has proved to be a reliable method for assessing the interactions between CtBP and its partners (17, 45, 57, 59, 62) . We used this system to test the binding activity of the CtBP derivatives. We first tested the two cleft mutants CtBP2 A58E and CtBP2 V72R for the ability to interact with a known PIDLS motif-containing partner, BKLF. Yeast assays were carried out with the CtBPs present first as bait (Gal4DBD fusion, Fig. 2A ) and then as prey (Gal4AD fusion, Fig. 2B) proteins. As expected, each of the mutations severely reduced binding to BKLF (Fig. 2) . We also tested the mutants for the ability to dimerize with wild-type CtBP2 and found that this function was unaffected. The structural work has suggested that CtBP self-association is mediated by an extensive low-polarity dimerization interface (about 3,400 Å 2 )
contributed by the central (nucleotide-binding) domain of the protein (27, 32) . These results suggest that the general structure of the mutant CtBPs is not significantly affected by the cleft mutation. This is in agreement with the structural data, which locate the PIDLS cleft in the N-terminal domain (32) such that mutation would not be expected to interfere with the dimerization of CtBP. We also tested the fusion cleft-filled protein and the control ⌬DL protein for binding to PIDLS partner proteins (Fig. 2) . As mentioned above, we tried different-length fusion peptides but found that fusions containing BKLF residues 1 to 84 and 1 to 75 generated some autoactivation in yeast and so were not suitable for this analysis (data not shown). The shortest fusion protein, comprising residues 30 to 75 of BKLF fused to the C terminus of CtBP, did not produce autoactivation. This fusion was tested for the ability to bind a PIDLS partner; in this case, we again used BKLF. It was found that the fusion cleft-filled mutant could no longer associate with BKLF. Importantly, the control fusion containing a mutant ⌬DL PVAST motif retained its ability to bind BKLF. This suggests that the peptide fusion extension is not nonspecifically impeding access to the cleft but that the PIDLS motif occupies the cleft and blocks the binding of external PIDLS motifs (Fig. 2) .
Distinguishing between PIDLS-containing and non-PIDLScontaining CtBP partners. We next sought to investigate a number of previously identified CtBP partners to determine whether they bound via PIDLS motifs slotting into CtBP's cleft or against another surface of CtBP. We first tested FHL3. FHL3 is a transcriptional adaptor protein composed almost entirely of highly structured LIM domains (59) . No PIDLS 3A) . These results suggest that FHL3 does not bind in the PIDLS cleft but contacts a distinct surface of CtBP2. To further investigate this possibility, we created CtBP2 deletions to map the regions of CtBP required for binding to FHL3 (Fig. 3B) . The region comprising the N-terminal 55 amino acids of CtBP2 was identified as the minimal region required for interaction with FHL3. This region is distinct from the cleft, which includes key contact residues A58 and V72 of CtBP2. Furthermore, FHL3 shows interaction only with CtBP2 and not with the related family member CtBP1-L. CtBP2 and CtBP1-L are highly conserved in the cleft region, and both bind to PIDLS partners. However, these family members are divergent at the N terminus, where the mapping indicates that FHL3 binds (Fig. 3E) . We conclude that FHL3 is a non-PIDLS-dependent CtBP2 partner.
We also tested other CtBP partners. The SUMO E2 conjugating enzyme Ubc9 is a recognized partner of CtBPs (20, 29) . Ubc9 has been shown to bind CtBP1-L, and CtBP1-L is known to be subject to SUMOylation in vitro and in vivo (20, 29) . We have also observed the binding of Ubc9 to CtBP2 in yeast two-hybrid assays (39) . Sequence inspection does not reveal an obvious PIDLS motif in Ubc9, and the mechanism by which Ubc9 contacts CtBPs remains to be defined. We tested Ubc9 against wild-type CtBP and the four CtBP cleft derivatives. Ubc9 bound all five proteins (Fig. 3C ). This result suggests that Ubc9 is another protein that does not require an intact CtBP PIDLS binding cleft but presumably binds to a distinct surface of CtBP2. Additionally, deletion mapping shows that amino acids 33 to 49 of CtBP2 are necessary for binding to Ubc9, suggesting that the regions of CtBP involved in contacting FHL3 and Ubc9 are distinct (Fig. 3D) . This result demonstrates that there are at least two other regions of CtBP involved in partner protein binding in addition to the PIDLS binding cleft.
In order to confirm these results, we produced wild-type CtBP2 and an A58E mutant form fused to GST in bacteria. A pull-down assay was then performed with GST-CtBP2 and GST-CtBP2 A58E by using extracts from COS-1 cells transfected with tagged HA-Ubc9, HA-FHL3, and Flag-BKLF (1-268). As shown in Fig. 4 and in accordance with the yeast results, Ubc9 and FHL3 interact with both CtBP2 and CtBP2 A58E, while BKLF bound to GST-CtBP2 but not to GSTCtBP2 A58E. These results further indicate that Ubc9 and FHL3 are genuine non-PIDLS-containing CtBP partners, both in yeast and in mammalian cell extracts.
We next tested three members of the Ikaros family of zinc finger transcription factors, Ikaros, TRPS1, and Eos. All three proteins have PIDLS motifs that have been shown to be important for interaction with CtBPs (25, 26, 38) . Ikaros contains a single PIDLS motif in its N terminus ( 34 PEDLS 38 in murine Ikaros). Mutation of this motif prevents binding to CtBP (25) . We tested Ikaros against the CtBP cleft derivatives and observed that mutation of the PIDLS binding cleft (A58E, V72R, or cleft filled) prevented binding to Ikaros. This result confirms that Ikaros is a typical PIDLS-dependent CtBP partner that binds in the CtBP cleft (Fig. 5A) . Similarly, TRPS1 contains a single PIDLS motif ( 1163 PLDLA 1167 in human TRPS1) and mutation of this motif prevents binding to CtBP (38) . As with Ikaros, mutation of the CtBP PIDLS binding cleft prevented binding to TRPS1, indicating that TRPS1 is also a PIDLSdependent partner of CtBP that binds in the cleft (Fig. 5B) .
In contrast, the situation with Eos is more complicated. Eos contains a PIDLS motif ( 372 PEDLA 376 in human Eos) but mutation of this motif does not abrogate binding to CtBP (38) . This suggests that Eos contains a second CtBP contact surface. In order to investigate this second surface, we mutated the recognized PIDLS motif and then tested the resulting fragment of Eos against the CtBP cleft derivatives. The results and human CtBP1-L in the yeast two-hybrid assay. The two key cleft residues involved in binding to PIDLS motifs (A58 and V72 in CtBP2, A41 and V55 in rCtBP1-S, and A52 and V66 in hCtBP1-L) are indicated. (C) Murine Ubc9 fused to the Gal4AD was tested for the ability to interact with the CtBP2 cleft derivatives fused to the Gal4DBD in the yeast two-hybrid assay. (D) Murine Ubc9 fused to the Gal4AD was assessed for the ability to bind to the indicated fragments of CtBP2 and rat CtBP1-S in the yeast two-hybrid system. The two key cleft residues involved in binding to PIDLS motifs (A58 and V72 in CtBP2 and A41 and V55 in rCtBP1-S) are indicated. (E) Alignment of the N termini of murine CtBP2, rat CtBP1-S, and human CtBP1-L, indicating the regions of CtBP2 implicated in binding to FHL3 and Ubc9. One of the key cleft residues involved in binding to PIDLS motifs (A58 in CtBP2, A41 in rCtBP/BARS, or A52 in hCtBP1-L) is indicated. A summary of the protein-protein interaction results from panels A to D is also displayed on the right of the alignment. indicate that the second surface is able to bind wild-type CtBP and the fusion control but not the cleft mutant forms (A58E, V72R, and cleft filled) (Fig. 5C ). This suggests that the second contact motif also requires an intact and empty PIDLS cleft. Unexpectedly, sequence inspection does not reveal any obvious second PIDLS motif in Eos (Fig. 5E) . Previous mapping has shown that both the N-and C-terminal regions of Eos may contain additional CtBP contact motifs (38) . This result suggests that motifs that significantly diverge from recognizable PIDLS sequences but retain the ability to interact with the cleft occur in Eos. We also tested HIPK1 and HIPK2. HIPK2 was shown to bind to CtBP1-L, and since it bound CtBP1-L in the presence of high concentrations of the E1A PIDLS motif, it was inferred that it did not bind in the PIDLS cleft (65) . We also isolated HIPKs in yeast two-hybrid screens against CtBP (data not shown) and noted a potential PIDLS motif (PLNLS, residues 1042 to 1047 of murine HIPK1 and 1031 to 1035 of murine HIPK2). This result, together with the observation that HIPK2 can bind CtBP in the presence of E1A (65) , suggests that HIPKs might be able to contact CtBP both through the PIDLS binding cleft and through an additional surface. As explained below, our results support this conclusion.
When HIPK1 (residues 619 to 1083) was tested against wildtype CtBP2 in the yeast two-hybrid assay, the protein interaction was evident (Fig. 5D) . Deleting or mutating the PLNLS Fragments of HIPK2 were also tested for interaction with CtBP in the yeast two-hybrid system (Fig. 5D) . HIPK2 (residues 881 to 1067) was able to bind to wild-type CtBP, but mutation of the PLNLS motif in this fragment of HIPK2 abolished the interaction. This demonstrated that the PLNLS motif in HIPK2 is functional and that it can mediate binding to CtBP. When larger fragments of HIPK2 were used, mutation of the PLNLS motif did not abolish binding to CtBP. Both the wild type and ⌬DL HIPK2 615-1067 were able to interact with the CtBP cleft mutant forms (A58E, V72R, and cleft filled). This suggests that the second interaction site between HIPK2 and CtBP does not comprise a PIDLS motif fitting into the cleft of CtBP. Taking together these results obtained with HIPK1 and HIPK2, the data suggest that the HIPK family proteins contain both a PIDLS motif and a second, as yet unidentified, interaction site for CtBP.
The role of the CtBP PIDLS binding cleft in gene repression. We first tested the repression function of CtBPs fused to heterologous DNA-binding domains. The fusions enable CtBP recruitment to the target promoter. Two different strategies were used. Firstly, wild-type CtBP2 and the CtBP2 mutant derivatives A58E and V72R were fused to the C terminus of the Gal4DBD. These proteins were tested against Gal4-dependent reporter genes. Secondly, fusion proteins consisting of the mutant forms or wild-type CtBP2 fused to the N terminus of the zinc fingers of BKLF were generated and tested against a BKLF-dependent reporter gene. We initially sought to test both the cleft mutants and the cleft-filled mutants, as we expected that they might have different effects. Unfortunately, the cleft-filled derivatives were expressed at lower levels in mammalian cells, so only limited information could be obtained from these assays (data not shown) but the cleft mutants were expressed at levels equivalent to that of wild-type CtBP2 (Fig. 6A) .
The Gal4 fusions were tested first against a promoter containing five Gal4 binding sites upstream of the herpesvirus TK gene promoter. The (Gal4) 5 -TK promoter is a relatively weak promoter and is significantly repressed by Gal4-CtBP fusions. The assays were carried out with COS-1 cells. In this assay, Gal4-CtBP2 efficiently represses promoter activity (Fig. 6B) . The A58E and V72R cleft mutant derivatives retain significant repression activity, although there is a modest reduction in repression.
As well as testing repression of basal transcription from (Gal4) 5 -TK, the mutants were also assessed against VP16-activated transcription. A promoter containing two LexA sites and five Gal4 sites upstream of the adenovirus E1B promoter was used. This promoter can be strongly activated by LexA-VP16 fusion proteins and can then be efficiently repressed by Gal4-CtBP fusions. In this assay, Gal4-CtBP2 efficiently represses the promoter. The two cleft mutants A58E and V72R also repress transcription to a degree similar to that of wildtype CtBP2 (Fig. 6C) .
We next tested the cleft mutant forms fused to the second DNA-binding domain (the zinc fingers of BKLF) for the ability to repress a BKLF-dependent reporter, the proximal A␥ fetal globin promoter. This promoter can be efficiently activated by the erythroid transcription factor GATA-1 in NIH 3T3 cells (59) . It can then be repressed by zinc finger-CtBP2 fusion proteins. The cleft mutant zinc finger fusions A58E and V72R also repress this promoter but slightly less well than wild-type CtBP2 (Fig. 6D) . This result is similar to the results obtained with Gal4 fusions and Gal4-dependent promoters in COS-1 cells.
It is known that CtBPs can dimerize (2, 45, 47, 54, 57) . Thus, it was important to exclude the possibility that the mutant proteins were retaining repression activity by virtue of the ability to recruit wild-type endogenous CtBP. We therefore repeated the experiments with Gal4 fusions and reporters in murine embryonic fibroblasts derived from CtBP1/CtBP2 double-knockout murine embryos (16) . The repression by wildtype CtBP2 and the A58E and V72R mutants seen in the CtBP Ϫ/Ϫ cells was indistinguishable from that seen in CtBP ϩ/Ϫ cells (Fig. 6E ). This suggests that dimerization with endogenous CtBPs does not make a major contribution in these assays. In conclusion, these results demonstrate that cleft mutants retain significant repression activity when CtBP is recruited to the promoter by a fused DNA-binding domain. We finally tested CtBP that was not fused to a heterologous DNA-binding domain against a natural CtBP-dependent promoter. We chose the E-cadherin gene promoter, as the gene for E-cadherin has previously been shown to be a CtBP target (13, 14, 47) . We transfected a CtBP2-encoding plasmid together with the E-cadherin reporter gene into CtBP Ϫ/Ϫ cells and observed, as expected, that CtBP2 significantly repressed expression (Fig. 6F) . We also tested the mCtBP2 A58E cleft mutant and found in this case that the mutation abrogated repression.
DISCUSSION
The PIDLS motif has been found in a significant number of sequence-specific DNA-binding proteins (i.e., transcription factors). The importance of the PIDLS motif in individual transcription factors has generally been demonstrated by introducing the ⌬DL (PIDLS-to-PIASS) mutation into the transcription factor and assessing the effects on binding to CtBP and on transcriptional repression (9, 40, 51, 57) . In many cases, this type of experiment has confirmed that the PIDLS motif is necessary for CtBP recruitment. In some instances, mutation of a PIDLS motif does not abrogate CtBP binding or repression and a second PIDLS motif is identified by visual inspection of the sequence (4, 11, 19, 23, 40) . In other cases, no obvious second motif is identifiable and it remains uncertain whether the transcription factor is contacting the CtBP cleft or another surface of CtBP (22, 44, 63, 64) . The two CtBP cleft mutants and the cleft-filled derivatives described in this work are useful for determining whether CtBP partners interact with the CtBP cleft or not.
Our results confirm that Ikaros and TRPS1 are typical transcription factors that bind the CtBP cleft, while Eos also binds the CtBP cleft through one obvious PIDLS motif and another motif(s) that requires the cleft but which is not readily recog- We also show that both Ubc9 and FHL3 do not bind in the cleft and are likely to each recognize separate surfaces of CtBP. Furthermore, we found that FHL3 binds to CtBP2 but not to CtBP1. Our results indicate that FHL3 requires a portion of the N terminus of CtBP2 which is not well conserved with CtBP1 (Fig. 3) . To our knowledge, this represents the first example of a CtBP2-specific partner that is able to distinguish between CtBP1 and CtBP2. Conversely, there is a published example of a CtBP1-specific partner, nNOS, which is a PDZ domain protein that binds to CtBP1 on a nonconserved carboxy-terminal sequence, DXL (41) . The PIDLS binding cleft residues are conserved in CtBP family members, and proteins that contain PIDLS motifs are expected to bind both CtBP1 and CtBP2 (12) . CtBP partner proteins that bind outside the CtBP cleft, like FHL3 or nNOS, may be important in imparting different functions to CtBP1 and CtBP2. CtBP1 Ϫ/Ϫ mice are viable, whereas CtBP2 Ϫ/Ϫ mice die in utero, and differences in partner proteins, in addition to differences in expression profiles, may contribute to the phenotypic difference (16) .
In terms of functional repression, our results demonstrate that CtBPs retain significant repression activity when the PIDLS cleft is mutated, provided they are recruited to the promoter by some other means, such as the addition of a heterologous Gal4 or BKLF zinc finger DNA-binding domain. Thus, it is likely that the major effectors of CtBP function are proteins that do not contain PIDLS motifs and do not bind in the cleft but are recruited by binding to other surfaces of CtBP or by binding to bridging proteins that bind other surfaces of CtBP. This representation is shown in Fig. 1B and is consistent with recent work showing that CtBP associates with a large repression complex made up of proteins that do not contain recognized PIDLS motifs (28, 46, 47) .
Our results with CtBP that is not fused to a heterologous DNA-binding domain demonstrate that the cleft is critical for CtBP-mediated gene repression. This result is in line with the view that the cleft is required for recruitment of CtBP to PIDLS-containing transcription factors ( Fig. 1 and 6) .
One can hypothesize that PIDLS-containing partners may include transcription factors, effectors, and regulators (particularly inhibitors) of CtBP activity. The role of PIDLS motifs in transcription factors is well characterized. PIDLS motifs are found in a large number of sequence-specific DNA-binding proteins (6, 58) . They are also found in proteins, such as Friend of GATA-1 (17, 21, 57), which do not themselves bind DNA but are obligate cofactors of DNA-binding proteins like GATA-1. PIDLS motifs are also found in proteins such as RIP140 and Pc2 (45, 62) , but again these proteins may be playing roles in the recruitment of CtBP to gene promoters rather than as effectors that mediate its activity. In this model, we propose that CtBP is not so much a linking protein but a capping protein that may dock to a promoter-bound transcription factor and bring in its large repression complex (Fig. 1B) .
There is limited evidence that PIDLS motifs are found in effectors of CtBP function (64) . Our finding that the cleft is not required for repression function when CtBP is directed to a promoter by a heterologous DNA-binding domain, together with the observation that enzymes present in the CtBP repression complex do not contain identifiable PIDLS motifs, suggests that PIDLS motif proteins like HDAC4 and -7 (64) may not be major effectors. It should be noted, however, that although the cleft mutants all retained repression activity, there were some slight differences in the level of residual repression observed in the different assays and promoter contexts (Fig. 6 ). This suggests that promoter context and the availability of cofactors have some influence and that the cleft may have a role in contacting effectors in some contexts (Fig. 1A) .
Our work with the cleft mutant proteins is also relevant to the role of inhibitors, such as the cellular protein Pinin (1) and adenovirus protein E1A (42, 43) . These might negatively regulate CtBP recruitment or activity by competing for the PIDLS motif binding cleft. The A58E and V72R fusions should be immune to such competitors and might be expected to be superrepressive if cellular inhibitors containing PIDLS motifs were abundant and active in the cell types we used for these experiments. The A58E and V72R fusions were found to display repression activity similar to but slightly less intense than that of wild-type CtBP2, arguing against endogenous competitive inhibitors playing a major role in our systems. Such inhibitors may, however, block recruitment of CtBP. The cleftfilled mutant derivatives were expressed at lower levels than wild-type CtBP2, so it is difficult to interpret the results obtained with these constructs (data not shown). Nevertheless, it is clear that they were also not superrepressive, again arguing against the presence of major inhibitory activities in the cellular systems we tested.
This absence of superrepression in the cleft-filled mutant form is also of interest because it suggests that a model whereby CtBP becomes functional in transcriptional corepresssion only after docking to a PIDLS partner and presenting a modified molecular surface (including the partner protein) is not likely to be valid. This result fits with the observation from the crystal structure that the PIDLS peptide does not significantly alter the overall structure of the protein (32). 
